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Chapter 11
Geochemistry used to infer source characteristics and provenance of
mudrocks of the Permian–Triassic Maitai Group and the associated Patuki
Melange, South Island, New Zealand
ROMESH PALAMAKUMBURA* & ALASTAIR H. F. ROBERTSON
School of GeoSciences, University of Edinburgh, Grant Institute, James Hutton Road, Edinburgh EH9 3FE, UK
R.P., 0000-0002-6863-6916
*Correspondence: romesh@bgs.ac.uk
Abstract: Chemical andmineralogical evidence is reported, ﬁrst for mudrocks from theMid-Permian–Mid-TriassicMaitai Group and, secondly,
for Late Permian(?) mudrocks from the structurally underlying Patuki Melange. Weathering and alteration indices indicate increased source
weathering and aluminosilicate input stratigraphically upwards in the Maitai Group. The Maitai Group exhibits an upward change from a rela-
tively enriched continental magmatic arc source (and related country rocks) during the Late Permian, to a relatively depleted continental magmatic
arc source (and related country rocks) during the Triassic. The melange mudrocks have a similar provenance to the Late Permian mudrocks of the
Maitai Group. Themelangemudrocks are, however, generally less altered, probably because of additional, local, ophiolite-related input. Red iron-
rich mudrocks accumulated widely in two Triassic Maitai Group formations and also locally in the Patuki Melange. The iron oxide was derived
by continental weathering under warm conditions, and then accumulated relatively slowly under oxidizing seaﬂoor conditions. The chemical
evidence, as a whole, indicates sources for all of the mudrocks similar to the Median Batholith and associated country rocks, or non-exposed
equivalents along the SE Gondwana active continental margin. Accumulation took place during a change from an icehouse to a hothouse world.
Supplementary material: Geochemical data are available at https://doi.org/10.6084/m9.ﬁgshare.c.4397687
The chemical composition of mudrocks, especially in well-
constrained geological settings, is a powerful indication of
source constituents and provenance (Bhatia 1985; Roser &
Korsch 1986, 1988; McLennan et al. 1993; Armstrong-Altrin
2015). However, the tendency of, in particular, major elements
to be affected by sediment transport, diagenesis, metamorphism
or weathering can impose limitations on interpretation (e.g.
Roser & Korsch 1986, 1988; Wronkiewicz & Condie 1987;
McLennan 1989; Cox et al. 1995; Lee 2002; Ejeh 2016). Rela-
tively stable elements are, therefore, favoured for provenance
analysis of mudrocks (e.g. Hassan et al. 1999; Cullers 2000;
Long et al. 2008; Paikaray et al. 2008). Interpretation is most
effective when several techniques are combined, including
mineralogical analysis (Herron 1988; Cavalcante et al. 2003),
isotopic analysis (e.g. Bock et al. 1994), electron microscopy
(e.g. Ahn et al. 1988) and detrital element geochronology (e.g.
Yang et al. 2012).
In New Zealand, geochemical studies of clastic sediment-
ary sequences of Permian and Triassic age have mainly utilized
sandstones (Roser & Korsch 1986, 1988; Robertson & Pala-
makumbura 2019b). Here, we focus instead on mudrocks
(grain size <0.062 mm) from two different components of the
key regionally developed Dun Mountain–Maitai Terrane
(Fig. 11.1). The DunMountain–Maitai Terrane is one of several
major lithostratigraphic terranes making up the Eastern Prov-
ince of South Island (Mortimer et al. 2014; see Robertson et al.
2019b) (Fig. 11.1). The ﬁrst unit studied is the Maitai Group, a
coherent succession, up to c. 6000 m thick, which is dated as
Mid-Permian–Mid-Triassic in age (Waterhouse 1959, 1964,
1980; Aitchison et al. 1988; Aitchison & Landis 1990; Owen
1995; Campbell 2000; Krull et al. 2000; Stratford et al. 2004;
Campbell 2019) (Fig. 11.1). The Maitai Group is widely (but
not exclusively) interpreted as a continental margin forearc
basin adjacent to SE Gondwana (Owen 1995; Robertson & Pal-
amakumbura 2019b). The second unit studied is the Patuki
Melange, which underlies the Dun Mountain ophiolite and is
interpreted as accretionary melange related to the westward
subduction of Panthalassa oceanic lithosphere beneath SE
Gondwana (Jugum 2009; Jugum et al. 2019; Robertson
2019a, b). The Patuki Melange was chosen to test the interpre-
tation, based on sandstone chemistry (Robertson & Palama-
kumbura 2019b), that the provenance of the Patuki Melange
is similar to the Late Permian sandstones of the Wooded Peak
Formation and/or the Tramway Formation of the Maitai
Group. In addition, both the Maitai Group and the Patuki
Melange include distinctive reddish coloured shales of debat-
able origin.
We begin by summarizing the sedimentology of the mud-
rocks in both units, and then present and interpret our new
geochemical evidence, supported by semi-quantitative X-ray
diffraction (XRD). We use the timescale of Raine et al.
(2015), as correlated with the international timescale (Gradstein
et al. 2012).
In provenance studies, differing clast or grain sizes can yield
different types of information (e.g. Miall 2013). Conglomerates
tend to provide information on speciﬁc sources, locations, or
geological events: for example, derivation from a topogra-
phically rugged or faulted source area. Sandstones typically
provide information on a wider source region, but mostly
restricted to speciﬁc depositional pathways and depocentres.
In contrast, muds are capable of being carried long distances
by rivers, wind, gravity ﬂows or ocean currents. Mud and
mudrock chemistry can, therefore, indicate large-scale or long-
term variations and trends in provenance, which may be less
easily recognizable in coarser-grained deposits.
The Dun Mountain–Maitai Terrane encompasses three dif-
ferent components. The ﬁrst is the Dun Mountain ophiolite
and related oceanic arc rocks (Otama Complex), which compri-
ses oceanic lithosphere of late Early Permian (c. 278–269 Ma)
age (Jugum 2009; Jugum et al. 2019) that is interpreted, based
on petrological and geochemical evidence, to have formed
above a subduction zone (Coombs et al. 1976; Davis et al.
1980; Sinton 1980; Kimbrough et al. 1992; Sivell & McCul-
loch 2000; Jugum 2009; Jugum et al. 2019). The second unit
From: ROBERTSON, A. H. F. (ed.) 2019. Paleozoic–Mesozoic Geology of South Island, New Zealand: Subduction-related Processes Adjacent to SE Gondwana.
Geological Society, London, Memoirs, 49, 267–285, https://doi.org/10.1144/M49.13
© 2019 The Author(s). Published by The Geological Society of London. All rights reserved.
For permissions: http://www.geolsoc.org.uk/permissions. Publishing disclaimer: www.geolsoc.org.uk/pub_ethics
 by guest on May 8, 2019https://mem.lyellcollection.org/Downloaded from 
is the sedimentary cover of the ophiolite, represented by
the Mid-Permian–Mid-Triassic Maitai Group (Landis 1969,
1974, 1980; Owen 1995; Stratford et al. 2004; Robertson &
Palamakumbura 2019b, c). The third component is the Patuki
Melange, which is named after its type area on D’Urville Island
(Johnston 1981, 1982; Cawood 1986, 1987; Landis & Blake
1987; Begg & Johnston 2000; Sivell 2002; Jugum et al.
2019; Robertson 2019a) (Fig. 11.1). Outcrops to the south of
the Alpine Fault were originally given different names
(Coombs et al. 1976; Craw 1979) but have since been corre-
lated with the Patuki Melange (Turnbull 2000; Turnbull & Alli-
bone 2003; Robertson 2019a).
The Patuki Melange is dominated by dismembered thrust
slices and blocks of sandstone–shale, together with mainly
ophiolite-related ultramaﬁc rocks (serpentinized), basic to fel-
sic intrusive rocks and basaltic extrusive rocks (Rattenbury
et al. 1998; Sivell & McCulloch 2000; Begg & Johnston
2000; Sivell 2002; Robertson 2019a). Limited available bio-
stratigraphic evidence suggests that the shales and sandstones
within the melange are Late Permian in age, based mainly on
the presence of atomodesmatinid bivalve shell fragments
(Dickins et al. 1986; Rattenbury et al. 1998).
The speciﬁc objectives of this study are: (1) to compare the
chemical composition and provenance of the mudrocks of the
Maitai Group and the Patuki Melange, with implications for
plate tectonic reconstruction; (2) to determine the degree of
weathering and alteration affecting both units; and (3) to iden-
tify and interpret any long-term changes in the provenance, tec-
tonic setting, or climate represented by the Maitai Group. The
study uses mudrock samples from seven outcrops of the Maitai
Group and six outcrops of the Patuki Melange (Fig. 11.1).
Sedimentology of the mudrocks
The Maitai Group can be subdivided into a lower part compris-
ing the Upukerora, Wooded Peak and Tramway formations of
Permian age, which are dominated by variable mixtures of vol-
caniclastic and/or terrigenous sediments. Above this, the upper
part of the succession comprises the Little Ben Formation, the
Greville Formation, the Waiua Formation and the Stephens
Subgroup (up to six formations) of mainly Early–Mid-Triassic
age, all of which are predominantly volcaniclastic (Fig. 11.2).
The Little Ben Formation is likely to straddle the Permian–
Triassic boundary (Campbell 2019). Tuffaceous sediments
that are locally abundant in the Triassic formations are dis-
cussed by Robertson et al. (2019c).
The term mudrocks is used here to encompass mudstones
(which are blocky and non-ﬁssile), shales (which are ﬁnely
laminated or ﬁssile), argillite (which is relatively indurated),
slate (which is cleaved), siltstone, claystone and marl (Tucker
1991). In practice, many of the mudrocks studied are shales.
An attempt was made to collect mudrocks of similar grain
size. Marls occur in certain parts of the succession, whereas
claystones are rare. Tuffs were excluded.
Mudrocks have two main modes of occurrence through-
out the Maitai Group (Fig. 11.3). First, they occur as discrete
interbeds (Fig. 11.3a), ranging from centimetres, to tens of
centimetres, to, occasionally, metres in thickness, at different
levels in the overall sequence. These sediments range frommas-
sive (Fig. 11.3d, e), to planar laminated (Fig. 11.3b), and vary
from non-bioturbated (Fig. 11.3b) to bioturbated (Fig. 11.3i).
Secondly, mudrocks also occur in the upper parts of indivi-
dual gravity-ﬂow deposits, speciﬁcally as the D and E divi-
sions of classical turbidites (Bouma 1962). These mudrock
intervals are typically thin (<5 cm), silty and normal-graded
(Fig. 11.3c, f).
Mudrocks vary considerably from formation to formation
within the Maitai Group. In most formations, the mudrocks
are typically a greyish colour (brownish where weathered) (Fig.
11.3c). However, some mudrocks are dark and organic-rich,
with a fetid smell, especially in the Wooded Peak Formation
(Fig. 11.3a). In contrast, reddish, strongly bioturbatedmudrocks
characterize the Waiua and Cerberus formations (Stephens
Subgroup) (Fig. 11.3f, h). Some of mudrocks show evidence
of current reworking (Fig. 11.3d), deposition from low-density
turbidity currents or contour currents (Fig. 11.3g), especially in
the Tramway and Cerberus formations.
Mudrocks are generally absent from the basal Upukerora
Formation, which is dominated by breccia-conglomerate,
although silty and/or tuffaceous mudstones occur locally,
mainly in the higher levels of the succession (Pillai 1989; Rob-
ertson 2019b). One sample of mudrock was studied from north
Fig. 11.1. Outline tectonic map of South Island
showing the locations and geological units of
the mudrocks sampled for geochemical and
XRD analysis from the Maitai Group overlying
the DunMountain ophiolite and from the Patuki
Melange beneath the ophiolite, restored to their
approximate positions before Neogene–
Quaternary offset by the Alpine Fault. One
locality of the Croisilles Melange is also shown,
for comparison. Outline geology based on
Mortimer et al. (1999).
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of the Windley River in Southland. For the Wooded Peak For-
mation, samples were analysed from calcareous mudstone in
the lower part of the succession and from the sandstone-rich
uppermost part of the succession at West Dome, in Southland
(Waitaramea Member of Stratford et al. 2004). Samples of
the overlying Tramway Formation were studied from West
Dome, the Wairoa River (Richmond area) and Key Summit
((Hollyford–Eglinton area): Landis 1980). A sample of silty
mudrock was studied from the Little Ben Formation at Key
Summit. Samples of the Greville Formation were studied
from the Maitai, Roding and Wairoa rivers (Nelson–Richmond
area). Mudrocks from the Waiua Formation are from the Rod-
ing River in the Nelson area. In addition, mudrock samples
were studied from the overlying Stephens Subgroup, from the
Eldon Formation, the Cerberus Formation and the Acheron
Lakes Formation, all from near Bare Peak (NE Southland).
A sample was included from the Cerberus Formation in the
Lee River (Richmond area). An additional (less well dated)
sample from the Stephens Subgroup was analysed from Moss-
burn Quarry (Southland).
Three contrasting settings of mudrocks in the PatukiMelange
were investigated during this study.
The ﬁrst setting is represented by mudrocks that are spati-
ally or depositionally associated with basaltic rocks, in three
areas, as follows: (1) associated with alkaline (ocean island-
type: OIB) pillow basalt at Swamp Bay in the far north of
D’Urville Island. Red mudstones that depositionally overlie the
alkaline basalts in the same area were studied for comparison
(Figs 11.3j & 11.4a); (2) intercalations (several metres thick)
of pinkish coloured, ﬁne-grained siliceous sedimentary
rock from within subduction-inﬂuenced basaltic breccia at
Taipare Bay on the north coast (Fig. 11.4b); (3) silty mudstone
from a volcaniclastic sequence that depositionally overlies
subduction-inﬂuenced basalts within the Coal Hill Inclusion,
a kilometre-scale volcanic–sedimentary body within the
melange in northern Southland (Fig. 11.4e).
The second setting is represented by mudrocks which form
part of a coherent sequence of mixed terrigenous–volcaniclastic
gravity-ﬂow deposits (without any preserved sedimentary
relationship with volcanic rocks). The succession studied at
Bald Hill (NE Southland) begins with reddish laminated
mudrocks, which were sampled, and passes upwards into sand-
stone, mudrock and minor conglomerate, up to c. 80 m thick
(Fig. 11.4d).
The third type of setting is represented by grey to dark-grey,
ﬁnely laminated mudrock (brown-weathering) that commonly
occurs as blocks or small thrust sheets within the melange.
This material is, in places, intensely indurated to form very hard
argillite, locally known as pakohe (Johnston 2011). Samples
of this lithology were studied from the Swamp Bay area (D’Ur-
ville Island: Fig. 11.4a) and Dun Mountain area (Fig. 11.4c).
Further details of all of the above exposures are given by Rob-
ertson (2019a).
Most of the lithologies studied from both the Maitai Group
and the melange have undergone regional greenschist-
facies metamorphism. However, samples from the south
Fig. 11.2. Summary of the age and occurrence of
mudrocks within the Mid-Permian–
Mid-Triassic Maitai Group. Stratigraphy
modiﬁed from Landis (1974), Kimbrough et al.
(1992) and Owen (1995). The facies and
thicknesses of units vary considerably on a
regional scale, and some formations and
members are restricted to speciﬁc areas. Units
sampled: Upukerora Formation from the
Windley River area; Wooded Peak Formation
fromMaitai River andWest Dome (Waiteramea
Member); Tramway Formation from Maitai
River and West Dome; Little Ben Formation
from Key Summit and Wairoa River; Greville
Formation fromMaitai River and Roding River;
Waiua Formation from Roding River; Stephens
Subgroup from Bare Peak (see Fig. 11.1).
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(West Dome area) experienced lower-grade phrenite–pum-
pellyite metamorphism (Landis 1969, 1974; Coombs et al.
1976; Cawood 1986, 1987; Paull et al. 1996).
Analytical methods
Major and trace elements were analysed by X-ray ﬂuorescence
(XRF) at the School of GeoSciences, University of Edinburgh
using the method detailed by Fitton et al. (1998). In addition,
rare earth elements (REEs) were analysed at ACME Laborato-
ries, Vancouver (Canada). Trace elements (including REEs)
were determined from a LiBO2 fusion by ICP-MS (inductively
coupled plasma mass spectrometry) by using 5 g of sample
pulp. The data are recorded together within lithology and loca-
tion details in the Supplementary material.
A small suite of mudrocks from the Maitai Group and the
Patuki Melange was also studied by X-ray diffraction (XRF),
using the semi-quantitative method of Cusker et al. (1999).
Data are accurate to the level of several per cent only and values
<1% are not reported (see the Supplementary material).
Results
Semi-quantitative XRD results are listed in the Supplementary
material, together with major and trace element data, analysed
by XRF for the Maitai Group (22 samples) and the Patuki
Melange (18 samples). Trace element and REE data, analysed
by ICP-MS, are listed for the Maitai Group (26 samples) and
for the Patuki Melange (six samples) are also given in the
Supplementary material. In addition, a small amount of major
Fig. 11.3. Field photographs illustrating the sedimentology of mudrocks in the Maitai Group and the Patuki Melange. (a) Dark organic-rich calcareous mudrock
with thin interbeds and partings, within ﬁne- to medium-grained quartzo-feldspathic sandstone and siltstone (gravity-ﬂow deposits); the wavy bedding is due to
soft-sediment deformation, which has also resulted in localized sand injection (lower left), Roding Member, Wooded Peak Formation, Roding River (Nelson
area) (note: the bedding is subvertical); the pen is for scale. (b) Finely-laminated calcareous mudrock (dark) with quartzo-feldspathic siltstone and ﬁne-grained
sandstone partings; the white granules are atomodesmatinid bivalve shell fragments; Roding Member, Wooded Peak Formation, Roding River; the pen is for
scale. (c) Calcareous mudrock (dark) intercalated with thin interbeds of normal-graded quartzo-feldspathic sandstone and siltstone (gravity-ﬂow deposits);
younging to the right; near the base of the Tramway Formation, Roding River; the pen is for scale. (d) Thin interbeds of dark silty mudrock within ﬁne- to
medium-grained quartzo-feldspathic sandstone (younging to the right). Partial erosion of one mudrock layer is attributed to bottom-current activity; Tramway
Formation, Roding River; the pen is for scale. (e) Dark organic-rich mudrock interbeds and partings, within ﬁne- to medium-grained quartzose sandstone;
Greville Formation, Roding River. (f) Red mudrock with thin interbeds of normal-graded and micro-cross-laminated sandstone–siltstone; Waiua Formation,
Roding River. (g) Dark-colouredmudstone rip-up clast withinmedium-grained volcaniclastic sandstone (gravity ﬂow), Acheron Lakes Formation,Wairoa River,
Richmond area. (h) Red ferruginous mudrock with thin normal-graded interbeds and partings of ﬁne-grained sandstone–siltstone, Cerberus Formation, Bare
Peak, Southland. (i) Silty mudstone with ﬁne tuffaceous sandstone (pale coloured; affected by burrowing); Chrome Creek Formation, Lee River, Richmond area;
the pen tip (top right) is for scale. (j) Iron-rich mudstone depositionally overlying alkali basalt, Swamp Bay, D’Urville Island; Patuki Melange-type area.
(k) Sheared dark, organic-rich mudrock with small phacoids of ﬁne- to medium-grained sandstone turbidites (pale green). The phacoidal fabric is due to intense
layer-parallel extension which is typical of the Patuki Melange; Swamp Bay, D’Urville Island. (l) Iron-rich siliceous mudrock forming the matrix of (primary)
basaltic lava breccia; Patuki Melange, Taipare Bay; the pen is for scale.
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element, trace element and REE data are included for the
Croisilles Melange (see the Supplementary material; see also
Robertson 2019a).
Semi-quantitative XRD analysis
XRD: Maitai Group. For the Maitai Group, one sample was
studied for each of the formations that were chemically ana-
lysed. The results are tabulated in the Supplementary material
and summarized in Figure 11.5
Quartz is generally more abundant in the basal Upukerora
Formation (Fig. 11.2) than in the overlying formations
(25–34%). Of the feldspars, albite ranges from trace levels in
the Little Ben Formation to 38% in the Tramway Formation.
Calcic feldspar (detected as anorthite) is much more abundant
(22%) in the Little Ben Formation compared to the other forma-
tions (1.4–4%). Microcline occurs in small amounts generally
(c. 2%) but is minimal in the Little Ben Formation and absent
in the Cerberus Formation. Orthoclase occurs in all samples
at low abundances (<3%). Muscovite is present in all samples,
ranging up to 13% in the Wooded Peak Formation, with the
lowest values in the Little Ben Formation (<2%).
Of the clay minerals, clinochlore is present in signiﬁcant
amounts (>5%) in the Upukerora, Wooded Peak, Waiua and
Cerberus formations, where it reaches a maximum of 17%.
Chlorite llb (a relatively high-temperature form, see below)
occurs in variable amounts throughout, from trace levels in
the Upukerora Formation to 8% in the Waiua Formation. Illite
is detected in all samples, other than the Little Ben Formation,
reaching a maximum of 10% in the Wooded Peak Formation.
Kaolinite ranges from <1% in the Upukerora and Cerberus
formations to 11% in the Little Ben Formation. In addition,
dickite, which is genetically related to kaolinite (see below),
occurs in several samples at low levels (<3%). Laumontite is
relatively abundant (4%) in the Upkerora Formation but in
the other formations is minimal or not detected.
Several other minerals occur in minor abundance. Calcite
and dolomite are minimal. Siderite is also minimal, other than
in the Little Ben Formation (5%). Rutile occurs in several
samples in trace amounts. Ankerite, anatase, pyrrhotite and
hematite are detected in a few samples. However, hematite
reaches 3% in the red-coloured Cerberus Formation. Pyrite is
present in trace amounts in the samples, except the Cerberus
Formation in which it is not detected. Gypsum is minimal
other than in the Little Ben Formation, where it reaches 5%.
Finally, lawsonite was detected in the Cerberus Formation
(10%); the stratigraphically highest of the formations sampled.
XRD: Patuki Melange. The mudrock samples from the Patuki
Melange are, ﬁrst, the red mudrock overlying basalt on
D’Urville Island (Fig. 11.4a); secondly, red mudrock from the
base of the locally intact succession at Bald Hill (Fig. 11.4d);
Fig. 11.4. Stratigraphical settings of the
chemically analysed mudrocks from the Patuki
Melange. The logs indicate the local ﬁeld
relationships. See Figure 11.1 for the locations.
Fig. 11.5. Semi-quantitative XRD results for selected mudrocks: (a) Maitai
Group; and (b) PatukiMelange. See the Supplementary material for the data
and the text for explanation.
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and, thirdly, dark-grey mudrocks interbedded with sandstones
(one sample from D’Urville Island: Fig. 11.4a; and one from
the Nelson area: Fig. 11.4c).
The red iron-rich mudrock depositionally overlying basalt
on D’Urville Island (Swamp Bay) is moderately rich in
hematite (3%), clinochlore (17%), chlorite llb and illite
(5%). Lawsonite is abundant (10%). The red iron-rich sedi-
ment from the base of the intact succession at Bald Hill is
relatively rich in hematite (25%), and also in quartz (44%),
muscovite (5%) and illite (5%). There is also some chlorite
llb and minor rutile (1.5%) but feldspar is minimal (2.2%
albite). Laumontite is quite abundant (3.6%). The samples
of more typical dark-coloured mudrock from D’Urville Island
and the Dun Mountain area are quartz-rich (36–45%). Albite
is very abundant in both samples (29–35%). Calcic plagio-
clase is present at moderate levels (6–7%). Microcline
(<4%) and orthoclase (<8%) are signiﬁcant components of
one sample. Muscovite occurs at levels of 3–4% and illite
at c. 3%. The sample from D’Urville Island, which is spa-
tially associated with basalt, is very rich in clinochlore
(24%), whereas the sample from the Dun Mountain area con-
tains only 6% of this mineral. Rutile occurs in trace amounts
in one of the samples. Laumonite is present (2%) in one sam-
ple. Calcite, dolomite and siderite are effectively absent.
Trace amounts of pyrite occur in one sample.
For comparison, three samples of dark mudrock were ana-
lysed from the Croisilles Melange (Fig. 11.1), an additional
melange unit (Dickins et al. 1986; Landis & Blake 1987;
Begg & Johnston 2000), which is intercalated with the Caples
Terrane further east (Bishop et al. 1976; Turnbull 2000;
Mortimer et al. 2014). The Croisilles Melange is interpreted
by Robertson (2019a) as part of the Patuki Melange, as
originally formed, that was re-thrust westwards and entrained
within the Caples Terrane after Triassic time. Two of the sam-
ples are spatially associated with basaltic rocks. Both of these
are rich in clininoclore (16–25%) and chlorite 11b (up to
8%). Two samples are also very rich in albite (36–38%), with
small amounts of more calcic plagioclase (<6%). Muscovite
is abundant (up to 11%) and also illite (up to 8%). Traces of
laumontite are present. One sample contains 5% kaolinite
and dickite, combined. Carbonate minerals (calcite, dolomite,
siderite) are minimal.
Chemical results
In the following subsections, the data that are listed in Sup-
plementary material Tables S3–S6 are used to address
speciﬁc issues related to the alteration and provenance of
the mudrocks.
Major element associations. Selected cross-plots of the data
are shown in Figure 11.6 (see the Supplementary material for
additional cross-plots of both the Maitai Group and the Patuki
Melange).
For the Maitai Group, TiO2 v. SiO2 (Fig. 11.6a) and Fe2O3
v. SiO2 (Fig. 11.6b) exhibit generally negative correlations.
TiO2 and Fe2O3 tend to increase upwards in the succession,
whereas SiO2 decreases. TiO2 v. MgO (Fig. 11.6c) and TiO2
v. Al2O3 (Fig. 11.6d) have generally positive correlations,
with overall increasing absolute abundances upwards. In addi-
tion, Fe2O3 and MgO exhibit positive relationships with Al2O3
(Fig. 11.6e, f), again with generally increasing abundance
upwards. The main exceptions to the above trends are one sam-
ple from the Wooded Peak Formation and one from the Little
Ben Formation, which have relatively low SiO2 but high
CaO. The Wooded Peak Formation is a marl from low in the
succession (West Dome), whereas the Little Ben Formation
sample is likely to have undergone post-depositional alteration.
The Tramway and Little Ben formations are compositionally
grouped, except for samples with low SiO2. In contrast, sam-
ples from the Wooded Peak Formation exhibit a large range
of major element oxide values, similar to the entire range of
the Maitai Group. Samples from the overlying Stephens Sub-
group have the largest spread of major element oxide data
and the lowest SiO2 values. Samples from the Greville and
Waiua formations are compositionally similar to those of the
overlying Stephens Subgroup but with a smaller range in
major element oxide values.
The equivalent binary plots for the melange mudrocks are
more scattered (Fig. 11.6g–l). TiO2 and Al2O3 values range
between 0.5–1.7 wt% and 15–23 wt%, respectively. TiO2,
Fe2O3, CaO and MnO show negative correlations with SiO2.
The interlava and supra-lava reddish shale from D’Urville
Island (Swamp Bay: Fig. 11.4a), shale from above the alkaline
basalt in the same area, red siliceous mudrock from Taipare Bay
(Fig. 11.4b), Bald Hill (Fig. 11.4d), and also dark shale from the
sequence above basalt within the Coal Hill Inclusion
(Fig. 11.4e) are all generally grouped, with moderate ranges
of SiO2 (53–64 wt%), TiO2 (0.5–1.0 wt%), Fe2O3 (6–12 wt%)
and Al2O3 (14–18 wt%). One sample of interlava siliceous
mudrock (chert) has a high SiO2 content (77 wt%) and is corre-
spondingly depleted in other major element oxides, except for
CaO (c. 6 wt%), which may be enriched by hydrothermal alter-
ation. Dark-grey indurated mudrocks from blocks and small
thrust slices within the Patuki Melange range in SiO2 from rel-
atively low values (c. 40 wt%) to relatively high values (c. 70 wt
%). The samples of red shale from above the alkaline pillow
lava from D’Urville Island (Swamp Bay), and also a sample
of pakohe from the Dun Mountain area (near Maori Quarry:
Fig. 11.4c), are both unusually rich in TiO2 (>1%).
Major element comparisons
The mudrocks are compared with Post-Archean Australian
Shale (PAAS) (Taylor & McLennan 1985) in Figure 11.7,
although the more widely used North Atlantic Shale Composite
(NASC) (Gromet et al. 1984) gives very similar results. For the
lower Maitai Group formations (Fig. 11.7a), the main dif-
ference from PAAS is that CaO is enriched in one sample of
marl from the lower part of the Wooded Peak Formation
(West Dome), which is related to large amounts of biogenic car-
bonate (bivalve detritus). Also, Na2O is generally enriched
reﬂecting the presence of albite, as indicated by XRD. The sam-
ples from the higher Maitai Group formations are mostly tightly
grouped, nearer to PAAS than for the lower formations (Fig.
11.7b). The two samples from the Little Ben Formation are
unusually calcareous and also enriched in P2O5. As there is
very little evidence of biogenic material in the Little Ben For-
mation, it is likely that the high carbonate and phosphate
contents relate to post-depositional alteration.
The normalized plots for the melange (Fig. 11.7c) are
broadly similar to PAAS, with the exception of CaO, which
is strongly depleted in one sample overlying the alkaline basalt
on D’Urville Island (Fig. 11.4a); this is likely to represent a
hydrothermal alteration effect. Three samples are relatively
depleted in K2O (from Dun Mountain, Taipare Bay and D’Ur-
ville Island), which is probably again the result of post-
depositional alteration. Several red mudstones containing
hematite (from D’Urville Island and Bare Hill) are relatively
enriched in MnO.
Alteration state inferred from major element indices
Any interpretation of the mudrocks depends on an understand-
ing of how the mineral content and chemical composition could
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have changed after deposition. The A–CN–K (Al2O3 v. CaO +
Na2O v. K2O) chemical index plot (Bock et al. 1994; Fedo et al.
1995) illustrates the relative degree of alteration and also the
trends in alteration. The Maitai Group samples (Fig. 11.8a)
generally plot along the predicted weathering trend, with the
majority at the relatively weathered ‘clay-rich’ end of the spec-
trum. Many samples plot near the PAAS. Several samples
from the Tramway and Little Ben formations plot near the
less-weathered end of the trend. The melange data are more
scattered (Fig. 11.8b). The most altered samples include the
reddish, hematite-bearing shale overlying alkaline basalt on
D’Urville Island (Fig. 11.4a), the interlava siliceous mudrock
from Taipare Bay (Fig. 11.4b) and the reddish hematite-rich
mudstone from the base of the intact sequence at Bald Hill
(Fig. 11.4d). Surprisingly, given their highly deformed state,
the melange mudrocks are notably less altered than those of
the Maitai Group.
The CIA v. ICV plot is a graphical comparison of the chem-
ical index of alteration (CIA) (Nesbitt & Young 1982) and the
index of chemical variation (ICV) (Cox et al. 1995), as deﬁned
by Potter et al. (2005) using data from Lee (2002). The Maitai
Group data mostly group near the basalt alteration trend
(Fig. 11.8c). Two samples from the Little Ben Formation plot
closer to ‘fresh basalt’, which is consistent with the abundance
of relatively unaltered basaltic debris, and with the feldspar
composition determined by XRD (see above). The melange
data are more scattered (Fig. 11.8d) but mostly lie near the
basalt alteration trend.
Fig. 11.6. Selected major element variation plots
for mudrocks of the Maitai Group (a–f) and the
structurally underlying Patuki Melange (j–l).
See the text for an explanation. (a) TiO2 v. SiO2;
(b) Fe2O3 v. SiO2; (c) TiO2 v. MgO; (d) TiO2
v. Al2O3; (e) Fe2O3 v. Al2O3; (f ) MgO v.
Al2O3; (g) TiO2 v. SiO2; (h) Fe2O3 v. SiO2;
(i) MnO v. SiO2; (j) CaO v. SiO2; (k) TiO2
v. Al2O3; and (l) CaO v. MgO.
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Source discrimination plots
Several well-known source discrimination plots (Bhatia 1983;
Bhatia & Crook 1986) help to indicate the provenance of the
mudrocks. Such diagrams must be treated with caution, espe-
cially because they are based on the study (using a limited num-
ber of samples) of one particular area, the New England Orogen
which did not include all possible tectonic settings (Armstrong-
Altrin & Verma 2005). Also, the diagrams were mainly devel-
oped for sandstones. However, the diagrams are useful to
indicate trends in the chemical data and are not used here by
themselves to assign unique tectonic settings of deposition.
On the La/Th v. Hf diagram (Bhatia & Taylor 1981;
McLennan et al. 1993), most of the samples plot in the felsic
island-arc ﬁeld, with some from the Maitai Group higher
formations tending towards mixed felsic and maﬁc sources
(Fig. 11.9a). On the Th/Sc v. Zr/Sc plot (Bhatia & Crook
1986), the samples all lie on a relatively evolved mantle trend,
with none indicative of sediment recycling (mantle addition)
(Fig. 11.9b). On the Th/U v. Th plot (McLennan et al. 1993),
most of the mudrocks are consistent with a continental origin,
although two samples from the upper formations of the Maitai
Group plot within the depleted mantle source ﬁeld (Fig. 11.9c).
The provenance of the mudrocks could, in principle, include
the Early Permian oceanic arc rocks of the Brook Street Ter-
rane, as exposed in the TakitimuMountains, south of the Alpine
Fault, the late Early Permian supra-subduction zone Dun
Mountain ophiolite, the Permian–Triassic arc rocks of the
Median Batholith and/or Paleozoic–early Mesozoic metasedi-
mentary rocks of the Western Province (see Robertson et al.
2019a) (Fig. 11.1). Fields of these potential source units are
indicated in Figure 11.9d, e. On the La/Th v. Hf diagram
(Fig. 11.9d), the samples mostly plot outside the ﬁeld of the
Brook Street Terrane intrusive and extrusive igneous rocks
(see Robertson & Palamakumbura 2019a for the data source)
and the Western Province metasedimentary rocks (Campbell
et al. 1998) but are within the ﬁeld of the Dun Mountain ophio-
lite basalts (see Robertson 2019b for the data source). On the
Ti/Zr v. La/Sc plot (Fig. 11.9e), the samples plot within the
intergradational ﬁeld of primitive to evolved intrusive rocks
of the Median Batholith (Muir et al. 1998; Price et al. 2006,
2011; McCoy-West et al. 2014). The samples also plot near
the La-rich end of the Western Province Metasediments A
ﬁeld, which represents the dominant compositional range of
Late Paleozoic–Early Mesozoic metasedimentary rocks of
the Western Province (Campbell et al. 1998). The mudrocks
from the Patuki Melange plot similarly on the equivalent
diagrams, other than one sample of pakohe from the Dun
Mountain area (Fig. 11.9f, j).
Taken together, the Median Batholith igneous rocks, the
Western Province metasedimentary rocks and the Dun Moun-
tain ophiolite can be all considered as potential source units
for both the Maitai Group and the Patuki Melange mudrocks.
The relatively non-evolved basaltic rocks of the Brook Street
Terrane are effectively ruled out in this regard (e.g. Takitimu
Mountains). However, relatively evolved igneous rocks do
occur in the Brook Street Terrane arc rocks (Grampian Forma-
tion) to the north of the Alpine Fault (Robertson & Palamakum-
bura 2019a) and could represent a suitable mudrock source.
Rare earth element fractionation
The mudrocks from both the lower and upper formations of the
Maitai Group are systematically enriched in light REEs
(LREEs) relative to heavy REEs (HREEs). A small negative
Eu anomaly in most samples reﬂects plagioclase fractionation
(Rollinson 1993) (Fig. 11.10a, b). The REE patterns overlap
with the compositional range of basalts from the northern Cas-
cades continental margin arc, western USA, which is shown for
comparison (Mullins &Weis 2015) but are dissimilar to basalts
of the typical oceanic Izu–Bonin arc (Taylor & Nesbitt 1998).
The normalized REE trends (Gromet et al. 1984) for theMai-
tai Group lower formations are slightly depleted relative to
NASC, whereas the HREEs are similar to only slightly depleted
(Fig. 11.10c). There is a slight positive Eu anomaly in all but
one of the samples, reﬂecting the feldspar content. The sample
from the Little Ben Formation has a ﬂat REE pattern and is
slightly enriched relative to NASC. The Maitai Group higher
formations have slightly depleted LREEs and similar, to
slightly-enriched, HREEs, again with positive Eu anomalies
(Fig. 11.10d).
The Maitai Group REE patterns are broadly similar to
average upper continental crust (UCC), especially HREEs
Fig. 11.7. Spider plots of mudrocks from: (a) & (b) the lower and upper
Maitai Group formations and (c) the melange units normalized against the
composition of PAAS (Taylor & McLennan 1985). PAAS is similar to
NASC (Gromet et al. 1984). Note: The Permian–Triassic boundary is likely
to be located near the base of the Little Ben Formation (Krull et al. 2000).
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(Fig. 11.10e, f). Hf is notably depleted, especially in the Maitai
Group higher formations. All of the samples show marked neg-
ative Nb anomalies. Several of the lighter REE elements behave
erratically (Cs, Rb, Ba, Sr), probably owing to alteration.
Chondrite-normalized REE patterns for the melange mud-
rocks are broadly similar to those of the Maitai Group (Fig.
11.10g). One of the samples of red hematite-bearing mudrock
that depositionally overlies alkaline basalt on D’Urville Island
(Fig. 11.4a) is signiﬁcantly enriched in REEs, except for
the lightest REEs (La, Ce and Pr). NASC-normalized REEs
(Fig. 11.10h) of the melange mudrocks are similar to those of
the Maitai Group as a whole, with the exception of the mudrock
above the alkaline basalt, which is highly enriched in HREE
(although slightly enriched to depleted in the lightest LREEs).
Red mudrock from D’Urville Island (associated with alkali
basalt) is generally similar to enriched mid-ocean ridge basalt
(E-MORB), in contrast to the other mudrocks (Fig. 11.10i).
The melange mudrocks are generally similar to UCC, except
for the same sample from D’Urville Island. LREEs (e.g. Sm,
Rb, Ba, Th) are strongly depleted in several samples, probably
reﬂecting differential alteration (Fig. 11.10j).
The mudrocks were also compared with intrusive igneous
rocks of the Median Batholith and the adjacent country rocks
of the Western Province, utilizing chondrite-normalized data
from the GNS Science Petlab database (see Robertson & Pala-
makumbura 2019c). The Maitai Group mudrocks overlap with
the relatively evolved Triassic-aged Median Batholith intrusive
rocks, which have similar HREE, LREE and Eu anomaly pat-
terns (Fig. 11.11a). One sample from the Little Ben Formation
is slightly enriched compared to the Median Batholith data. The
Maitai Group data are also comparable with limited available
REE data for the Permian–Triassic metasedimentary rocks of
the Western Province (Robertson & Palamakumbura 2019c)
(Fig. 11.11b), which formed part of the Gondwana continental
margin prior to Late Cretaceous rifting of the Tasman Sea Basin
(Mortimer et al. 1999).
The normalized mudrock data from the melange are similar
to those of the Median Batholith (Fig. 11.11c), except for one
sample of iron-rich mudstone from the base of the intact
sequence at Bald Hill (Fig. 11.4d). The normalized data are
also similar to the Western Province metasedimentary rocks,
other than for the same sample from Bald Hill (Fig. 11.10d).
When the Permian Formations and the melange matrix are plot-
ted together, a close similarity is apparent, other than for the one
sample of hematitic mudstone from Bald Hill (Fig. 11.11e).
Comparison with potential igneous source rocks
The degree of magmatic enrichment or depletion of an igneous
source rock is known to be indicated by its chondrite-
normalized ratio of La and Yb (LaCN/YbCN) (see the Supple-
mentary material for the method). LaCN/YbCN ratios were cal-
culated for the Maitai Group and the Patuki Melange
mudstones using average chondrite values (Boynton 1984).
The Maitai Group ratios range from 2.3 to 6.8, whereas
those for the melange range from 1.1 to 7.8 (mostly 4.8–
7.8). The overall enrichment in LREEs relative to HREEs is
characteristic of an undissected arc, to a dissected continental
arc (Long et al. 2008). Within the Maitai Group, LaCN/YbCN
varies throughout the succession as a whole, with the highest
values in the Upukerora Formation (4.3), the Wooded Peak
Formation (4.7–5.7) and the Tramway Formation (5.6–6.2).
LaCN/YbCN in the Little Ben (2.5–6.8) and Greville (3.0–
6.0) formations indicates an intermediate-igneous composi-
tion. LaCN/YbCN for the Waiua Formation (3.4–4.8) and
Stephens Subgroup (2.3–5.4) are generally the lowest in the
Maitai Group.
Fig. 11.8. Assessment of chemical
alteration: (a) & (b) A–CN–K (Al2O3
v. CaO + Na2O v. K2O) plot for the
Maitai Group and the Patuki Melange,
respectively; and (c) & (d) CIA v. ICV
plot) for the Maitai Group and the
melange unit, respectively. See the text
for discussion.
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Geochemistry of ferruginous mudrocks
Mudrocks (and some associated sandstones) are commonly
reddish coloured in the TriassicWaiua and Cerberus formations
(Stephens Subgroup) (Fig. 11.3f, h). Reddish ﬁne-grained
sedimentary rocks also occur within, and depositionally over-
lie, the alkaline basalts in the Patuki Melange on D’Urville
Island, as noted above (Fig. 11.4a). Reddish to greenish
mudstones are interbedded with siltstone and ﬁne-sandstone
turbidites elsewhere in the same area (Swamp Bay). Red mud-
stone also occurs at the base of the locally intact sequence
within the Patuki Melange at Bald Hill (Fig. 11.4d). Several
analyses of hydrothermally enriched metalliferous sediments
were previously reported from within the OIB-type basaltic
sequence on D’Urville Island and elsewhere (Sivell 2002).
The objective here was to determine if the source of the metal
content was also hydrothermal or instead detrital or authigenic
(i.e. indigenous precipitate).
On the Al v. Fe v. Mn plot (Fig. 11.12a, b), all of the samples
from both the Maitai Group and the Patuki Melange plot very
close to the Al–Fe baseline, well away from the ﬁeld of pelagic
sediments or hydrothermal deposits. On the Fe v. Mn v. (Ni +
Cu + Mn) × 10 plot (Fig. 11.12c, d), which is useful in distin-
guishing terrigenous, hydrogenous and hydrothermal origins
(Bostrom et al. 1969; Bonatti et al. 1972), the reddish mudrocks
from theMaitai Group plot near the Fe apex but with signiﬁcant
amounts of Ni + Cu + Co. Both the interlava and supra-lava
red mudstones from D’Urville Island (Swamp Bay) plot at
the Fe apex. These results are similar to the composition of hal-
myrolytic mudstone (i.e. affected by cold seawater interaction)
but differ from the composition of a black hydrothermal crust
on basalt from the same area (Sivell 2002).
Discussion
Interpretation of mineral content
In general, the minerals present in the Maitai Group represent
the combined inﬂuences of primary provenance, diagenesis,
metamorphism and alteration. All of the samples are relatively
carbonate-poor, which could reﬂect seaﬂoor dissolution (in
cold seawater) rather than an absence of supply. This is consis-
tent with the common presence of carbonate fossil moulds,
especially in the Tramway Formation.
The quartz-rich sample from the basal Upukerora Forma-
tion is likely to contain abundant reworked felsic tuffaceous
material. Some terrigenous material is also present (muscovite,
illite, rutile), which indicates that deposition took place adjacent
to a continental margin. Illite may form diagenetically (Cham-
ley 1989) but its abundance in the samples studied generally
correlates with terrigenous content, as supported by the
Fig. 11.9. Geochemical discrimination plots of
mudrocks. Maitai Group (a–e) and Patuki
Melange (f–i): (a) La/Th v. Hf; (b) Th/Sc v.
Zr/Sc; (c) Th/U v. Th; (d) La/Th v. Hf;
(e) Ti/Zr v. La/Sc; (f ) La/Th v. Hf; (g) Th/Sc
v. Zr/Sc; (h) La/Th v. Hf; (i) Ti/Zr v. La/Sc.
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co-occurrence of muscovite. There is also abundant maﬁc or
intermediate-composition igneous material, altered to clino-
chlore. Feldspars are largely albitized. The laumontite is likely
to have formed after maximum burial, by comparison with the
Murihiku Terrane elsewhere in South Island (Boles & Coombs
1975; Boles 1991). The sample from the lower part of the
Wooded Peak Formation (Sclanders Member) records a high
input of terrigenous material (quartz, muscovite, illite), together
with alteration to clinochlore of mainly basic igneous material,
and albitization of feldspars. The Tramway Formation sample
is similarly rich in terrigenous material (quartz, muscovite,
illite), albitized feldspar and contains chlorite llb (4%) (rather
than clinochlore). Chlinoclore is inferred to change to chlorite
llb at c. 200°C, although this transformation can be affected
by other factors including grain size (e.g. Walker 1991). The
Little Ben Formation is strongly feldspathic, mostly in the
form of little-altered Ca-rich plagioclase (recorded as anor-
thite), rather than albite. Terrigenous input is present but
muted. The most likely source of the very high quartz is
reworked felsic tuff. The origin of the baryte, gypsum and
siderite (together making up 23% of the sample) could relate
to ﬂuid ﬂow during late-stage mineralization. The Greville
and Waiua formations mark a return to a strongly terrigenous
input, rich in quartz, muscovite and illite, together with abun-
dant albitized feldspar and altered maﬁc igneous material, as
represented by high clinochlore or chlorite llb. The Cerberus
Fig. 11.10. REEs of mudrocks from the lower
and upper Maitai Group formations and the
Patuki Melange, normalized against different
potential source compositions. (a) REEs of
Maitai Group lower formations v. chrondrite;
(b) REEs of Maitai Group upper formations
v. chrondrite; (c) Maitai Group lower
formations v. NASC; (d) Maitai Group
upper formations v. NASC; (e) Maitai Group
lower formations v. UCC; (f ) Maitai Group
upper formations v. UCC; (g) melange REEs
v. chondrite; (h) melange REEs v. NASC;
(i) melange REEs v. E-MORB; and (j) melange
REEs v. UCC. Note: REE-normalizing values
from Boynton (1984).
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Formation is again terrigenous-rich. However, it also contains a
relatively high abundance of relatively unaltered plagioclase,
which reﬂects a high volcanic input (similar to the Little Ben
Formation), in agreement with the geochemistry. Consistent
with its oxidized red colour, hematite is present (but not pyrite)
in the Cerberus Formation. Laumontite is present in minor
amounts high in the succession, probably again related to burial
metamorphism. Minor kaolinite is likely to have formed during
diagenesis (although a primary input cannot be excluded),
followed by partial transformation to dickite during burial
(e.g. Ehrenberg et al. 1993; Beaufort et al. 1998). Notably,
lawsonite is highly abundant (10%) in the Cerberus Formation
(see below).
The typical mudrocks of the Patuki Melange (and the Croi-
sillesMelange) are terrigenous, with relatively abundant quartz,
muscovite and illite. These sediments are also strongly feld-
spathic, probably reﬂecting an input mainly from intermediate-
composition volcanic rocks, as supported by the geochemistry
and the petrography of interbedded sandstones (Robertson &
Palamakumbura 2019b). Feldspars were largely albitized dur-
ing burial. The clinochlore-rich sample from D’Urville Island
is likely to represent alteration of material derived from the
underlying basalt. Minor laumontite probably developed as in
theMaitai Group. The reddish-coloured, hematite-bearingmud-
rock from the same area, depositionally overlying basalt, is
compositionally similar to the typical mudrocks but has iron-
oxide enrichment (Fig. 11.12), reﬂecting an oxidizing deposi-
tional setting. Laumontite is again present. The sample of red
mudrock from Bald Hill (Fig. 11.4d) is again terrigenous,
with very abundant quartz and also illite but minimal plagio-
clase. The source could be felsic volcanism (or even aeolian).
The reddish well-oxidized sediments (D’Urville Island and
Bald Hill) are likely to represent slow accumulation, prior to
the arrival of sandstone turbidites, which dominate the overly-
ing successions in both areas (Robertson 2019a). The lawsonite,
which was locally detected in both the Maitai Group (Cerberus
Formation) and the Patuki Melange (D’Urville Island), is indic-
ative of very deep burial metamorphism (>15 km). The origin
of the lawsonite in these rocks is poorly understood, especially
as it occurs spasmodically. The very deep burial was possibly
tectonically imposed during the Early Cretaceous Rangitata
Orogeny (Landis 1974; see Robertson et al. 2019b).
The three samples of mudrock from the Croisilles Melange
are again terrigenous, with the addition of common clinochlore
(up to 25%) and chlorite 11b (up to 8%), which are likely to
have been derived from associated basaltic rocks. The
chlorite-rich sediment was initially derived locally from basal-
tic rocks, followed by emplacement into the melange (see
Robertson 2019a).
Interpretation of major element trends
The decrease in SiO2 v. increase in TiO2, Fe2O3, Al2O3 and
MgO upwards in the Maitai Group is interpreted to indicate a
long-term change in provenance. The relative increases in
TiO2 and Fe2O3 are suggestive of increasing input from maﬁc
minerals or basic rock detritus stratigraphically upwards (Gu
et al. 2002). The decreasing SiO2 upwards is consistent with
a change from a relatively evolved, intermediate-composition
igneous source in the lower formations of the Maitai Group
Fig. 11.11. Normalized plots of REE abundances in mudrocks
v. comparative units elsewhere in South Island. One sample is included
from the Croisilles Melange (see the Supplementary material). (a) Maitai
Group v. Median Batholith (Longwood Igneous Complex); (b) Maitai
Group v. Western Province metasedimentary rocks; (c) melange v. Median
Batholith; (d) melange v. Western Province metasedimentary rocks; and
(e) melange v. upper Maitai Group formations.
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(Wooded Peak and Tramway formations), to a less-evolved,
more basic source in the higher formations (Little Ben Forma-
tion and upwards). An alternative explanation of the marked
increases in Al2O3 and Fe2O3 concentrations up-sequence is
that they reﬂect increases in clay minerals such as illite and kao-
linite (Lee 2002; Yan et al. 2012), although this is not supported
by the available XRD data. The change from slightly depleted
patterns relative to PAAS in the lower Maitai Group formations
(Fig. 11.7) to a more PAAS-like composition in the higher for-
mations is suggestive of an overall change from a relatively
evolved, felsic source to a more maﬁc, grandioritic-type source
(Taylor & McLennan 1985; Yan et al. 2012). A similar pattern
is seen in the associated sandstones, although the degree of
fractionation varies regionally and temporally (Robertson &
Palamakumbura 2019b).
A similar interpretation applies to the melange mudrocks.
The siliceous interlava (chert) sample (SiO2 77.40 wt%) from
Taipare Bay (Fig. 11.4b) has similarities with the high-silica
argillite (SiO2 71.73 wt%) from the Dun Mountain area, with
correspondingly low concentrations of TiO2, Fe2O3 and
Al2O3, and a high Al2O3/TiO2 ratio (c. 22) (see the Supple-
mentary material), which are suggestive of an andesitic to felsic
source (McLennan et al. 1993). The low-silica sample from
near the base of the intact succession at Bald Hill (Fig. 11.4d)
has a Al2O3/TiO2 value of c. 8, which is suggestive of a
maﬁc source (Le Maitre 1976; Girty et al. 1996). In contrast,
the high-silica sample from Taipare Bay has a Al2O3/TiO2
value of c. 21, which is suggestive of an andesitic to rhyodacitic
source. Samples with relatively low Al2O3 and which are sim-
ilar to PAAS, including two from near the base of the intact
sequence at Bald Hill (7.52 and 7.05 wt%), according to Hay-
ashi et al. (1997) correspond to a low feldspar (6.6% total)
but high clay mineral content (8.7%), which is in agreement
with the XRD data. In addition, the low-silica pakohe sample
(42.17 wt%) from near Maori Quarry in the Dun Mountain
area (Fig. 11.4c) has high TiO2 and Fe2O3 contents and is
slightly enriched relative to PAAS, which is suggestive of
high concentrations of maﬁc minerals or maﬁc rock fragments.
The pakohe is generally found enclosed within, or spatially
associated with, intrusive ophiolitic rocks and is inferred to
represent ﬁne-grained terrigenous sediment that accreted to
the base of the supra-subduction zone Dun Mountain ophiolite
in a forearc setting (Robertson 2019a).
The two shale samples from above alkali basalt on D’Urville
Island (Swamp Bay: Fig. 11.4a) are enriched inMnO compared
to the other samples and PAAS. One of these samples is also
enriched in TiO2, Al2O3 and Fe2O3, and contains hematite
and relatively abundant clinochlore. The relatively high TiO2
and Al2O3 are explained by submarine erosion of the underly-
ing alkaline basalts. The remaining melange data are well
grouped and have intermediate (i.e. andesitic) compositional
signatures but with small variations (e.g. Bald Hill v. Coal
Hill). Al2O3/TiO2 range from c. 16 to c. 22, within the range
of undifferentiated UCC and PAAS (Le Maitre 1976; Girty
et al. 1996). Slight enrichments in Na2O and depletions of
K2O reﬂect differential alteration and metamorphism, as for
theMaitai Group. Alteration indices vary considerably between
the melange samples (mostly 54–69), below the average CIA
range of 70–75 for shale (Nesbitt & Young 1982). Most of
the melange mudrocks were apparently derived from a less-
weathered source than those of the Maitai Group. The ICV
indices (0.9–2.8) for the melange samples suggest variable
weathering and alteration.
Interpretation of alteration indices
The position of the Tramway Formation sample towards the
CaO + Na2O axis on the A–CN–K plot (Fig. 11.8a) is a conse-
quence of the typically high bioclastic content, including
bivalve fragments (Robertson & Palamakumbura 2019b).
The Little Ben Formation also plots towards the CaO + Na2O
axis, although minimal calcium carbonate is present. The likely
cause is the abundance of relatively unaltered Ca-plagioclase,
Fig. 11.12. Plots of red iron-rich
sediments from the upper Maitai
Group (Cerberus Formation) and
locally from the Patuki Melange.
(a) Al v. Fe v. Mn plot for the Maitai
Group; (b) Al v. Fe v. Mn plot for the
Patuki Melange; (c) Fe v. Mn v. (Ni +
Cu + Co) × 10 for the Maitai Group;
(d) Fe v. Mn v. (Ni + Cu + Co) × 10
for the Patuki Melange. Also shown
are samples analysed by Sivell (2002)
associated with basaltic rocks and
terrigenous sediments in the type area
of the Patuki Melange on D’Urville
Island (Swamp Bay). Several deep-sea
sediment compositions are shown for
comparison (e.g. Bostrom et al. 1969;
Bonatti et al. 1972; Sayles & Bischoff
1973; Cronan 1976). See the text for
explanation.
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as indicated by XRD. Albite is abundant in indurated dark grey
mudrock of the Patuki Melange (e.g. Fig. 11.4e) (and also the
Croisilles Melange). Metasomatic formation of albite within
originally feldspar-rich ﬁne-grained sediment was a key cause
of the hardening to form Maori tool-quality pakohe (Johnston
2011). On the other hand, the absence of trends towards the
K2O axis allows K-metasomatism (Fedo et al. 1995) to
be discounted.
CIA values of 70–85 represent average shale and clay miner-
als (e.g. muscovite and illite) (Nesbitt & Young 1982). Similar
CIA values to those of the Maitai Group and the Patuki
Melange (Fig. 11.8c, d) in other examples relate to moderately
to strongly weathered source regions, as reported from several
ancient settings: for example, the Dahomey Embayment in SW
Nigeria (Ejeh 2016), the Vindhyan Supergroup in central India
(Paikaray et al. 2008) and the Pyeongan Supergroup in Korea
(Lee 2002).
ICV values (Fig. 11.8c, d) reﬂect variations of alumina com-
pared to other cations (Cox et al. 1995) and, therefore, illustrate
variations between maﬁc minerals and clay minerals, and also
the overall compositional maturity (the lowest ICV values are
the most compositionally mature and vice versa) (Lee 2002).
ICV values in the Maitai Group range from 0.87 to 2.75, corre-
sponding to the abundance of minerals such as muscovite, illite
and chlorite (Cox et al. 1995), as conﬁrmed by XRD.
The combined CIA and ICV values show that the Patuki
Melange mudrocks are generally more altered than those of
the Maitai Group. This can be explained by local derivation
of relatively unaltered igneous basic material in the Patuki
Melange. In agreement, petrographical evidence shows that
many of the sandstones in the Patuki Melange (e.g. from the
Coal Hill Inclusion: Fig. 11.4, location 3) contain abundant rel-
atively unaltered basic ophiolitic or arc-derived extrusive igne-
ous rock debris (Robertson & Palamakumbura 2019c).
Interpretation of trace and REE data
On the discrimination plots (Fig. 11.9a–e), the Maitai Group
data are suggestive of a maﬁc to felsic arc source, similar to
the Median Batholith (Price et al. 2011). Th/Sc and Zr/Sc
ratios suggest a moderately enriched basaltic to andesitic source
(Hassan et al. 1999; Armstrong-Altrin et al. 2013) (Fig. 11.9b).
The relatively low but variable Hf values in the Hf–La/Th plot
(Fig. 11.9d) are consistent with mixed maﬁc and intermediate
sources, similar to the Carboniferous and Devonian sediments
of the Junggar Basin, central China (Yang et al. 2012). The
Ti/Zr v. La/Sc plot (Fig. 11.9e) and the Ti/Zr and La/Sc ratios
(10–50) (see the Supplementary material) point to a continen-
tal-arc source (Bhatia & Crook 1986; Gu et al. 2002), similar
to the Permian Sangre de Cristo Formation, Colorado, USA
(Cullers 2000). The relatively high Ti/Zr v. low La/Sc ratios
in theMaitai Group upper formations support an overall change
towards a relatively maﬁc source. However, this was composi-
tionally variable, as suggested by the spread from depleted
mantle to weathered continental crust on the Th/U–Th plot
(Fig. 11.10c), especially for the Stephens Subgroup (McLennan
et al. 1993). A similar pattern is, for example, recorded in the
Early Cretaceous sediments of the Inner Zone of SW Japan
(Asiedu et al. 2000).
There is a slight tendency for the mudrocks in the upper part
of the Wooded Peak Formation (Waitaramea Member at West
Dome, Southland) to have relatively high values of Cr (up to
128 ppm), Cu (up to 61 ppm) and Zn (up to 123 pmm). Detrital
input from the underlying Dun Mountain ophiolite is reported
for the Upukerora Formation (Pillai 1989; Robertson 2019b),
and also from the base of the overlyingWooded Peak Formation
in the Lee River area (the Anslow Member of Owen 1995) and
also in the Maitai River (Robertson & Palamakumbura 2019b).
The sandstones of the Waitaramea Member are very rich in cli-
nopyroxene and basic volcanic material, hence the high Cr con-
tent, and are interpreted to have been derived from the upper,
extrusive layer of the subjacent Dun Mountain ophiolite (Rob-
ertson & Palamakumbura 2019c). The uppermost part of the
Wooded Peak Formation at West Dome accumulated in a
small basin within the palaeotopography of the emplaced Dun
Mountain ophiolite (Robertson & Palamakumbura 2019b).
Metal enrichment related to an ophiolitic source has also been
reported from deep-sea mud-rich sediments elsewhere: for
example, in the Neogene back-arc Woodlark Basin, SW Paciﬁc
(Robertson & Sharp 2002).
Similar REE patterns in mudrocks to those of the Maitai
Group and the Patuki Melange (Fig. 11.10a, b & g) have com-
monly been explained by an UCC source (Condie 1993), with
examples including the Devonian Liuling Group in central
China (Yan et al. 2012), the Late Miocene Kudankulam Forma-
tion in southern India (Armstrong-Altrin et al. 2004) and the
Precambrian of the Hunan area in Wuhan, south China (Gu
et al. 2002). On the NASC-normalized plots (Fig. 11.10c, d
& h), the broadly ﬂat HREE and LREE patterns of the Maitai
Group and the melange support a comparison with weathered
continental crust (Taylor & McLennan 1985).
Calculated LaCN/YbCN for the Maitai Group and the Patuki
Melange (see the Supplementary material) are typical of undis-
sected to dissected continental arcs (Long et al. 2008). The
overall decrease in LaCN/YbCN upwards in the Maitai Group
suggests a change to a less-enriched source. A comparison of
LaCN/YbCN in theMaitai Group v. the melangemudstones sug-
gests that the Maitai Group has a slightly less-enriched source
than the melange mudrocks overall.
The slight depletion of REEs relative to NASC and the slight
positive Eu anomalies in most of the Maitai Group samples
(Fig. 11.10c, d) are consistent with derivation from feldspar-
rich igneous rocks. NASC is comparable to the composition
of riverine sediments, including the Amazon, Congo, Ganges,
Garonne and Mekong (Taylor & McLennan 1985). Average
shale composition is, broadly, a proxy for particulate matter
supplied via rivers and the atmosphere. The slightly depleted
signature of both the Maitai Group and the melange sediments,
therefore, points to a more basic (basaltic to andesitic) source
than average shale. The larger spread and more depleted nature
of the Maitai Group upper formations suggests an upwards
increase in relatively basic material within the Triassic Ste-
phens Subgroup, which is also supported by the XRD data
(Fig. 11.5) and petrographical evidence from associated sand-
stones (Robertson & Palamakumbura 2019b).
Comparison with average continental crust (UCC) suggests a
dual source for both the Maitai Group and the melange
mudrocks (Fig. 11.10e, f). The LREEs and HREEs are broadly
similar to UCC, suggesting this composition as an important
source. However, the Nb and Hf depletion, especially in the
Maitai Group upper formations, is consistent with a relatively
evolved source, as in active continental margin granites. Gran-
itoid rocks contributed detritus to these upper formations in
some areas (Owen 1995; Robertson & Palamakumbura
2019b). The additional source is, therefore, likely to have
been the calc-alkaline magmatic arc represented by the Median
Batholith (Price et al. 2011) or its probable equivalent along the
Gondwana active continental margin (not exposed). The conti-
nental hinterland, including the South Australian Craton
(Swain et al. 2008), could have also provided material of sim-
ilar composition. A similar dual origin has been inferred for
Precambrian shales of the Cuddapah Basin in India (Mani-
kyamba et al. 2008). The Nb and Hf depletion relative to
UCC is similar to that of the lower formations of the Maitai
Group (Wooded Peak and Tramway formations) and the West-
ern Province metasediments, consistent with a relatively non-
evolved continental source.
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The REE and trace element data from the Patuki Melange
(see Fig. 11.9 and the Supplementary material) are more scat-
tered, particularly Th/Sc and Zr/Sc ratios, which is consistent
with multiple depleted to moderately enriched sources (Taylor
& McLennan 1985). La/Sc ranges from 0.5, typical of oceanic
or undifferentiated crust (McLennan et al. 1993), to c. 0.8
(locally up to c. 2), suggesting a granodioritic composition as
in continental-arc crust or differentiated crust (Bhatia &
Crook 1986; Kasanzu et al. 2008; Long et al. 2008). In agree-
ment, the lowest La/Sc ratios are in the interlava siliceous
mudrock from Taipare Bay (Fig. 11.4b) and the supra-lava
silty mudstone from the Coal Hill Inclusion (Fig. 11.4e). The
higher ratios are in the dark shales generally and in the red
shales from the base of the local intact sequence at Bald Hill
(Fig. 11.4d). Taken as a whole, the Ti/Zr ratios are suggestive
of a continental-arc source, as in the Maitai Group (Bhatia &
Crook 1986). The range in La/Th ratios and the absolute values
of Hf again reﬂect variable sources. The Ti/Zr v. La/Sc ratios
of the melange sediments are indicative of source rocks similar
to the Western Province metasediments.
Recent work suggests that the Maitai Group accumulated in
the distal, outer part of an undissected forearc basin, which gen-
erally evolved from underﬁlled during the Late Permian to
ﬁlled during the Early–Middle Triassic (Robertson & Palama-
kumbura 2019b). The mineral and chemical data from the
Maitai Group mudrocks are generally compatible with a source
in western Queensland or eastern Antarctica, as are comparable
chemical data for the associated sandstones (Robertson & Pal-
amakumbura 2019b; see also the Supplementary material).
However, when detrital zircon geochronology is taken into
account (Adams et al. 2002, 2007), a source in western Queens-
land (New England Orogen) is likely, with the implication
that the Dun Mountain–Maitai Terrane (including the Patuki
Melange) was translated several thousand kilometres south-
wards (in present coordinates) to reach its present position.
Interpretation of iron-rich sediments
The distinctive iron-enriched mudrocks in the Triassic Waiua
and Cerberus upper formations of the Maitai Group are all rel-
atively aluminous and contain hematite. This is consistent with
a dominantly detrital input from a landmass that experienced
strong chemical weathering. In terms of Mn content, the sam-
ples are similar or depleted compared to typical oceanic sili-
ceous clays and red clays. The iron is interpreted to have
been derived from Gondwana and accumulated slowly under
overall oxidizing seaﬂoor conditions. The Cerberus Formation
is relatively ﬁne grained and bioturbated, consistent with oxi-
dizing conditions (Robertson & Palamakumbura 2019b). How-
ever, Mn is minimal. A possible explanation is that the seaﬂoor
(or subseaﬂoor) conditions were dysaerobic (i.e. 0.1–1.0 ml of
dissolved oxygen per litre of water), such that Mn remained
in solution or, if precipitated, was selectively lost during dia-
genesis. The red oxidized iron-rich sediments of the melange
are interpreted to have a similar terrigenous origin to those of
the Maitai Group. This contrasts with black Fe–Mn crusts
and some red mudstones within the extrusive sequence on
D’Urville Island (Swamp Bay) that are interpreted as hydro-
thermal precipitates (Sivell 2002) (Fig. 11.12). The latter sedi-
ments formed in an oceanic setting, in contrast to the red
mudstones analysed during this study which accumulated asso-
ciated with sand turbidites in a trench or forearc setting (Robert-
son 2019a).
The alkaline basalts from Swamp Bay, D’Urville Island are
interpreted as an oceanic seamount that accreted in a subduction
trench (Robertson 2019a). During or after accretion, the lavas
formed a local topographical high on which sediments accumu-
lated relatively slowly, favouring enrichment in iron oxide.
The red mudstone thereby formed the base of a succession of
deep-water sandstone–mudrock turbidites that accumulated
in a trench or trench-slope basin (Robertson 2019a). The red
mudstones at the base of the intact succession at Bald Hill
(Fig. 11.4d) could also represent condensed (slow) sedimenta-
tion on a topographical high in a subduction trench or forearc
setting, although its substratum is unknown.
Relationship to global extinction and climate change
A global change from an icehouse world to a hothouse world
took place gradually at the end of Mid-Permian time and was
followed by warm climatic conditions during the Early Triassic
(Veevers 1990; Golonka & Ford 2000; Galfetti et al. 2007). In
eastern Australia this led to the disappearance of ice cover, ﬁrst
in coastal areas and then further inland. Hot and arid periods
ensued after the Mid-Permian (Retallack 1999; Retallack &
Krull 1999; Chumakov & Zharkov 2003). The climatic change
favoured increased chemical weathering on land, creating large
volumes of iron oxide and clay minerals, which were trans-
ported by rivers to the sea. These sediments were ﬁnally deliv-
ered to the deep-sea forearc basin and the adjacent subduction
trench by gravity-ﬂow processes. The ﬁne-grained material
within several of the formations (e.g. Cerberus Formation)
was reworked by deep-sea currents. Aeolian transport may
have contributed to the ﬁne-grained sediment supply, as in
modern basins ﬂanking hot arid regions but is not easily recog-
nizable with the available data.
The mudrocks studied accumulated before, during and after
the largest extinction event in Earth history, at the Permian–Tri-
assic boundary (Erwin 1993). Major temperature rise occurred
during the latest Permian, before the major extinction event
(Joachimski et al. 2012), and is likely to have abruptly increased
weathering, erosion and supply of ﬁne-grained sediment to
the ocean. Amajor cause is likely to have been the release of iso-
topically light carbon from Siberian Traps volcanism (Renne
et al. 1995).Warm climatic conditions during the Early Triassic
favoured the accumulation of voluminous red mud during times
of reduced coarser-grained clastic sediment supply.
Conclusions
• The mudrocks of the Maitai Group and the structurally
underlying Patuki Melange were sourced from variably
evolved continental margin arc crust and relatively differen-
tiated continental crust.
• The mudrocks of the Mid–Late Permian lower formations of
the Maitai Group were mainly derived from a relatively dif-
ferentiated continental magmatic arc and related country
rocks. Supply switched to a generally less-evolved continen-
tal margin magmatic arc and related country rocks during the
Early–Mid-Triassic.
• For the Maitai Group, the inferred arc source generally
evolved from relatively enriched during the deposition of
Maitai Group Permian lower formations (Wooded Peak For-
mation, Tramway Formation) to more depleted during accu-
mulation of the latest Permian–Middle Triassic upper
formations (Little Ben Greville and Waiua formations, and
Stephens Subgroup).
• Utilizing chemical alteration indices, the overall degree of
alteration increases upwards from the base to the top of the
Maitai Group, corresponding to an increase in the amount
of ﬁne-grained alumina-silicate material (mica and clay
minerals).
• Mudrocks from a range of structural settings within the
Patuki Melange represent similar mixed continental margin
arc and differentiated continental crust sources, similar to
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the Maitai Group. The degree of alteration is generally lower
than in the Maitai Group probably because of the presence of
an additional source of relatively unaltered basic ophiolite-
related material.
• Red iron-rich mudrocks in the Triassic Maitai Group upper
formations (Waiua and Cerberus formations) and also within
the Patuki Melange reﬂect the input of ﬁne-grained, oxidized
particulate matter from land and accumulation under oxidiz-
ing seaﬂoor conditions (mainly during a warm period). The
red oxidized sediments in the melange represent slow accu-
mulation on topographical highs in a subduction trench or
trench-slope setting.
• The Patuki Melange mudrocks were derived from relatively
differentiated continental magmatic arc crust, indistinguish-
able from that supplying the Late Permian Wooded Peak
and Tramway formations (Maitai Group lower formations).
The chemical data, therefore, support palaeontological and
petrographical evidence that these sediments are of Late
Permian age.
• The provenance of the mudrocks in both the Maitai Group
and the Patuki Melange is chemically ﬁngerprinted as the
Median Batholith and associated country rocks of the West-
ern Province or possible (non-exposed) equivalents in the
eastern Australia–Antarctica region.
The underpinning ﬁeldwork was carried out by the second author during the
austral summers of 2013, 2014 and 2017. Mike Johnston kindly provided
advice on ﬁeldwork in the Nelson area, while NickMortimer provided similar
pointers for outcrops in Southland. Post-doctoral research by the ﬁrst author
over 8 months was supported by the John Dixon Memorial Fund. Preparation
of the samples for chemical analysis was assisted by Malgorzata Musur and
Alex Cooke. The XRF and XRD analysis was carried out by Nic Odling.
The manuscript beneﬁted from comments by John Armstrong-Altrin and an
anonymous reviewer.
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